Relating primary sequence to three-dimensional structure has long been the holy grail of structural biology and appears to be far from achievement. Within grasp however, is the use of intuitive or unintuitive methodology to modify existing known protein structures to achieve the desired effect. We use protein engineering as a general term for the design of proteins with useful or valuable properties. The technique has become possible due to our increasing knowledge of detailed protein structures, which in turn highlights potential for improving key facets of protein structure; for example, the mutation of specific residues with a view to improving binding or catalysis. This rational design (Section 2.1) requires the scientist to have a detailed prior knowledge of the protein to attempt to make specific informed changes to the sequence to exert the desired effect. The technique is quite straightforward, involving mutation at the genetic level followed by expression and characterization. This site-directed mutagenesis approach is discussed in Section 2.1.1. However, rational mutations do not always generate the desired effect. This has invariably led to computer-based approaches for protein design. These are designed to save time in identifying mutations that generate the desired effect of low energy structures, and aim for lower the sequence conformation space that is required in the search. To simplify the procedure, these algorithms are based on approximations that require less processing time. Unfortunately, approximations can also lead to false positives which do not yield the predicted desired effect at the protein level. Computer aided protein engineering strategies are discussed in Section 2.1.2.
level for their desired function, sequences conforming to the best molecule for the desired role can be screened. This has the advantage over site-directed mutagenesis or computer-based design that you obtain exactly what you select for. Theory of library-based design strategies is discussed in Section 2.2, and includes a discussion as well as published examples of the phage display (2.2.1.), ribosome display (2.2.2.), and yeast two-hybrid systems (2.2.3) that have been used to screen protein libraries. Also discussed are the advantages and pitfalls of working with any one of these techniques. Protein-fragment complementation assay (PCA) systems are discussed (2.2.4) along with several examples of the screening system in action, as well as methods of cell surface display (2.2.5). Finally, in vitro compartmentalization methods are discussed (2.2.6). The chapter closes (Section 3) with a range of examples for each of the techniques highlighted.
Methods

Rational Design Strategies
Rational design is one of the strategies for protein engineering in which a detailed knowledge of the structure and function of the protein is used to predict beneficial changes. These changes are introduced into the protein by site-directed mutagenesis techniques. As an increasing number of high-resolution protein structures is available the creation and application of computational methods to identify amino acid sequences that have low energies for the target structure is used more and more. These two principles can complement each other or be used alone. The major drawback is the need of detailed structural knowledge of a protein, and depending on the design, it can be extremely difficult to predict the effects of various mutations, especially long-range effects.
A variety of strategies have emerged for modulating protein properties, such as stability, specificity, solubility, conformational state, binding affinity, oligomerization state, substrate selectivity for enzymes, protease susceptibility, immunogenicity, and pharmacokinetics (the last three for therapeutical approaches) (see Fig. 35 .1). Mechanisms for altering these properties include manipulation of the primary structure, incorporation of chemical and post-translational modifications and utilization of fusion-partners (1). There are many rational strategies to change protein characteristics. One simple stabilization strategy is to replace free cysteines, thereby preventing the formation of unwanted intermolecular and intramolecular disulphide bonds. Substituting exposed nonpolar residues with polar residues can enable soluble expression and improve the solubility of the protein. Alteration of the net charge and isoelectric point (pl) of a protein can also affect its solubility. In some cases, increasing the binding affinity for a target protein can produce an increase in biological activity. In other cases, it is possible to reduce undesired biological activities by decreasing the affinity for nontarget molecules. Many proteins undergo conformational changes that are central to their function. In such cases, the conformational equilibrium can be driven towards the desired state.
The starting point for rational design is the development of a molecular model, based on the protein structure and function, often in combination with an algorithm. This is followed by experimental construction and analysis of the properties of the designed protein. If the experimental outcome is failure or partial success, then a next round of the design cycle is started (2). Sometimes new mutants based on initial information are developed which leads to a repetition of design steps until a variant is found that meets all the requirements. This iterative process, where theory and experiments alters, is often referred to as a "design cycle."
A possible design strategy procedure is described below, based on the availability of a 3-D structure and sequence of the protein (3).
1. Collect available information from the literature as well as from experimental analysis on the protein of interest, its homologues and other family members. 2. Find as many amino acid sequences as possible of homologues sequences and make a multiple sequence alignment. Take the secondary structure of the protein into account (see, e.g., www.expasy.org for databases and tools). 3. Compare the structures of the protein, homologues and family members by structural alignment to see, whether there is anything remarkable and whether all residues are in an optimal structural environment. Also check whether any of the homologues structures are more stable and if so, why. Examine if the structures possess additional interactions in the form of salt bridges, disulphide bridges, etc. Verify the difference in packing i.e., by looking for any cavities or steric clashes. Take variations in loop length or other conspicuous differences into account. Helpful programs are PyMol and Swiss PDB Viewer. 4. Try and apply the design concepts as described above. Also, apply programs that can predict mutations. You can find a variety of such tools on www.expasy.org/tools/.
5. Simulate the protein under folding conditions and identify the regions that appear to be the least stable. Try to design mutants that counteract the early unfolding processes. 6. Model the mutants you have and check whether the structure has improved and whether the mutation causes other problems, like less favorable torsion angles in the side chain or less optimal packing. 7. Produce the mutants experimentally and analyze their properties.
Nowadays, the first steps of rational design are more and more computer based but historically, site-directed mutagenesis was first. Here, we kept this chronological order.
Site-Directed Mutagenesis
Since the late 1980s protein molecules were altered by site-directed or site-specific mutagenesis of their genes (4-6). In this technique, a mutation is created at a defined site in the DNA leading to a change in the amino acid of the corresponding protein. This method requires the wild-type sequence to be known. The change itself is made by PCR methods where primers containing the desired mutation are used. In the first cycle, there is a priming mismatch for the primers binding the template DNA strand, but after the first cycle, the primer-based strand, containing the mutation, will be at about equal concentration to the original template. After successive cycles, its number will increase exponentially and outnumber the original, unmutated strand, resulting in a nearly homogeneous solution of mutated amplified fragments. For this PCR it is necessary to design primers that are suitable for the desired changes, considering also their annealing temperature.
Two techniques are commonly used to introduce specific amino acid replacements into a target gene. The first of these is termed the overlap extension method ( Fig. 35.2) . In this method, four primers are used in the first polymerase chain reaction (PCR) step with two separate PCRs being performed. The primer pairs for these PCRs are 1 and 3 as well as 2 and 4, respectively, with primers 2 and 3 containing the mutant codon with a mismatched sequence. Two double-stranded DNA products containing the desired mutagenic codon are obtained over several PCR cycles. In the second PCR step these two dsDNA products are amplified using primers 1 and 4 resulting in the mutated DNA. A useful variant of the overlap extension method is the megaprimer method (7). In this procedure, two rounds of PCR are performed employing two flanking primers and one internal mutagenic primer that contains the desired base substitutions. A benefit of this method is that mutations can be inserted into the flanking primers so that multiple codons relatively far from each other can be replaced at the once. The second method for performing site-directed mutagenesis is referred to as whole plasmid, single-round PCR (Fig. 35.3) . In this protocol, two oligonucleotide primers containing the desired mutation(s) are extended with DNA polymerase. In this PCR step, both strands of the template are replicated without displacing the primers to obtain a mutated plasmid containing breaks that do not overlap. As the original wild type plasmid originates from Eschenichia coli and is thus methylated on various A and C residues, it may then be selectively digested using Dpnl methylase endonuclease resulting in a circular, nicked vector containing the mutant gene. When this nicked vector is transformed into competent cells, the nick in the DNA is repaired by the cell machinery to give a mutated, circular plasmid. The advantages of the whole plasmid, single-round PCR are that only one PCR needs to be performed and only two primers are required. The disadvantages of this technique relative to overlap extension are that it does not work well with large plasmids (>10 kB) and typically only two nucleotides can be replaced at a time (8). Several companies offer kits for performing these methods.
After the PCR step and the cloning and/or transformation, expression and purification of the recombinant protein mutants must be performed for testing and evaluation.
Computational Protein Design
During the past two decades, computer simulations of the dynamics of proteins has become a widely used tool to deepen our understanding of these molecules. Computer simulations can be used to understand the properties of a molecular system in terms of interactions at the atomic level. One of the main challenges is the development of algorithms that can deal directly with structural and Explanations are given in the text functional specificity. An excellent overview of the strengths and weaknesses of various search algorithms is reported (9), and implementations of these algorithms were quantitatively evaluated (10).
Computational protein design methods seek to identify amino acid sequences that generate low-energy interactions of a specified target protein structure by employing a variety of optimization techniques. These fall into two broad categories: stochastic algorithms, including Monte Carlo, and deterministic algorithms, including dead-end elimination. Stochastic algorithms semi-randomly sample sequence-structure space and move toward lower energy solutions whereas deterministic algorithms perform semi-exhaustive searches.
The advantage of stochastic methods is that they can deal with problems of significant combinatorial complexity because they do not require an exhaustive search. The disadvantage is that there is no guarantee that these methods converge to the global minimum energy solution or even the same solution when run multiple times (10). In contrast, deterministic methods always converge on the same solution.
Monte Carlo (MC) Method:
These simplest stochastic methods are a widely used class of computational algorithms for simulating the behavior of various physical and mathematical systems. They are distinguished from other simulation methods (such as Molecular Dynamics, see Section 2.1.2.3.) in that they are nondeterministic in some manner, usually by using random numbers. In the context of design, a starting structure is perturbed by a random change in residue type or rotamer at some position. If the change decreases the energy of the structure, it is accepted. Otherwise, the Metropolis criterion, including a Bolzmann weighted probability, is used to accept or reject the change. This permits energetically unfavored uphill moves and escape from local minima. MC methods are especially useful in studying systems with a large number of coupled degrees of freedom, such as liquids, disordered materials, and strongly coupled solids (11,12).
Dead-End Elimination (DEE):
The DEE algorithm is a method for minimizing a function over a discrete set of independent variables. The basic idea is to identify "dead ends," i.e., "bad" combinations of variables that cannot possibly yield the global minimum and to refrain from searching such combinations further. Hence, good combinations are identified and explored further. The method itself has been developed and applied mainly to the problems of predicting and designing the structures of proteins (13). The basic requirements for DEE are a well-defined finite set of discrete independent variables, a precomputed numerical value, the energy, associated with each element in the set of variables, a criterion or criteria for determining when an element is a "dead end," and an objective function, the energy function, to be minimized. DEE has been used efficiently to predict the structure of side chains on a given protein backbone structure by minimizing an energy function. A large-scale benchmark of DEE compared to alternative methods of protein structure prediction and design is that DEE reliably converges to the optimal solution for a given protein length, and it runs in a reasonable amount of time (13). However, other methods are significantly faster than DEE and thus can be applied to larger and more complex problems. DEE is guaranteed to converge to the global minimum energy solution (13). The effectiveness of DEE for a combinatorial search is due to the systematic elimination or pruning of high-energy rotamers or rotamer-combination. A requirement is that the energy function must be written as the sum of individual and pairwise terms. Additionally, for extremely complex problems, DEE may fail to converge, but due to some large improvements DEE currently seems to be the most powerful method for finding the global minimum energy solution (10).
Molecular Dynamics (MD)
Simulation: Molecular modeling tools are used in protein engineering studies to indicate which amino acid substitutions or mutations have a high probability of success and should be tested experimentally. Molecular dynamics (MD) are able to correlate the increase in protein stabilization with the conformational and structural changes caused by (single) amino acid replacements. It represents an interface between laboratory experiments and theory. MD also serves as a tool in protein structure determination and refinement using experimental tools such as X-ray crystallography and NMR. Additionally, MD has been applied as a method of redefining protein structure prediction.
The computer simulation method of MD is based on an extremely simple principle: given the coordinates of all atoms in a molecular system and an accurate description of the total potential interaction energy as a function of the atomic coordinates, the force on each atom can be calculated. Describing the interactions accurately in a protein is a key element to protein design and probably the most difficult. The energy functions must be fast and accurate, yet not oversensitive to the fixed backbone approximations and discreteness of the rotamer library (reviewed in ref. 14). In chemistry and biophysics, the interaction between the objects can be described by a force field. Molecular mechanics force fields for proteins, such as AMBER, GROMOS, and CHARMM, usually include van der Waals, electrostatics, dihedral angle (torsion), bond angle, and bond stretching (length) terms. These parameters are further adjusted by simulations that attempt to reproduce experimental data, such as small molecular crystal structures. For protein design calculations, considerable modifications are required. Energies must be adjusted to reduce artifacts resulting from the use of discrete rotamers and fixed backbones. Energy terms that describe solvation must be added. Secondary structure propensities have also been used as constraints for sequence design. A reference state needs to be defined, since the relevant value for protein design is the difference in energy between the probed and reference state. Finally, all these terms must be weighted appropriately. For molecular dynamics simulations, the individual energy terms are typically added and must be appropriately parameterized and scaled with respect to one another (15). Considerations for computational protein design (16):
1. Energy expression or force field used to rank the desirability of each amino acid sequence for a particular backbone. 2. Energy minimization of the target backbone must be determined in order to experimentally test the energy expression. (Published algorithms include MC techniques and DEE). 3. Discrete side chain conformations must be made to restrict the complexity to a reasonable limit. The allowed side chain conformations are typically chosen from a library of discrete possibilities, known as rotamers. 4. Classification of residue position to reduce the size of the design problem.
Protein cores are typically composed of hydrophobic amino acids, and protein surfaces are largely composed of hydrophilic amino acids, but the boundary residues must be selected from the full range of amino acids as these positions are observed to be both. 5. Modeling of backbone flexibility by using a softer van der Waals potential, which means, giving the modeled atoms a fuzzy edge.
Available computer power must be considered when designing MD simulations. Simulation size (number of particles, typically up to 10 5 atoms), timesteps and total time duration must be selected so that the calculation can finish within reasonable time. However, the simulations should be long enough to be relevant to the time scale of the natural processes being studied. Most scientific publications about the dynamics of proteins and DNA use data from simulations spanning nanoseconds to microseconds. To obtain such simulations, several CPU-days to CPU-years are needed. Another factor that impacts total CPU requirement by a simulation is the size of the integration time-step. This is the time length between evaluations of the potential. The time-step must be chosen small enough to avoid discrete errors. Typical time-steps for classical MD are in the order of one femtosecond. Furthermore, a choice should be made between explicit solvent and implicit solvent. Explicit solvent particles (like water) must be calculated extensively by the force field. The impact of explicit solvents on CPU-time can be 10-fold or more. In simulations with explicit solvent molecules, the simulation box must be large enough to avoid boundary condition artifacts.
Limitations must not only be kept in mind when setting up simulations but also when drawing conclusions from such simulations. Consequently, the results of simulations must be critically evaluated and, whenever possible, validated through experiments. When applied in an appropriate way, MD is a tool complementary to experimental methods, which can be used to access atomic details inaccessible to experimental probes (17).
Library-Based Design Strategies
Library-based design strategies have the advantage that they do not rely on structural information. Various methods for designing libraries exists which are described in detail in the chapter Directed Protein Evolution. The success of libraries, however, strongly depends on the selection or screening method. This section introduces the most prominent techniques and discusses advantages and disadvantages of each system.
Phage Display
Phage display is a reliable and widely used selection technique. It enables the rapid screening of peptide libraries or proteins against virtually any desired target both of biological and synthetic origin. This could be either of biological interest or for technical or medical applications. The benefits of phage display rely on the fact that the phenotype is directly linked to the genotype. This is because the peptides to be screened are expressed as fusion proteins of a phage coating protein, and genetic information is packaged into the phage (18).
Typically, phage display as well as ribosome display (see Section 2.2.2) selection rounds are carried out in vitro where incubation with the target takes place. Strongest binders remain bound to the target and nonbinders or only weakly interacting binders are removed from the pool upon increasing stringency. The selected pool of binders is amplified, either in E. coli for phage display or by RT-PCR in the case of ribosome display. Enriched phages then enter the next round of selection. This procedure is repeated for three to five times and leads to the enrichment of binders dominating the pool. This procedure is called "panning" and without it would be akin to searching for a needle in a haystack.
Phage display was the first display technology shown to physically couple the phenotype with genotype (19). It was originally used to map antibody epitope binding sites by screening peptide-phage libraries against immobilized immunoglobulins. Filamentous phages use its bacterial host to replicate and to assemble the phage particles. For phage display, the phage genome can be modified to incorporate the gene of interest to be displayed in fusion to a surface protein. The most commonly used phage protein for displaying peptides of interest is the minor coat protein 3, which is presented three to five times on the M13 particle ( Fig. 35.4) (20) . The coat protein of gene 3 consists of three domains, a C-terminal constant region which anchors the protein to the phage particle, and two N-terminal domains, N1 and N2, mediating infectivity. N1 binds to the TolA receptor and N2 binds to the F-pilus of E. coli. Proteins of interest are usually fused to the N-terminus of the gene 3 protein. During the assembly process, resulting fusion proteins are transported through the inner cell membrane to the bacterial periplasm and incorporated into the phage particle, Fig. 35.4 . Schematic presentation of an Fd-bacteriophage (middle) and the different steps of a phage panning round. The gene of interest is genetically linked to the N-terminal domain of the phage surface protein 3 and thus is incorporated up to five times in the phage particle (peptide of interest). Another surface protein, which can be used for multivalent display, is the protein P8. After cloning and transformation into the E. coli host, phages are purified via polyethylene-glycol precipitation (PEG/NaCl) and incubated with the immobilized target. Unbound phages are removed by increasing washing steps for each selection round. Binders are eluted from the target by acidic pH shift or tryptic digest and amplified upon host E. coli infection while their respective single-stranded DNA (ssDNA) gets packaged in the phage (20) thereby coupling phenotype and genotype.
Typically, a selection (or panning) round can be divided into several distinct steps ( Fig. 35.4) (21) . To start, the gene of interest, which can be a library or a single protein, is fused to the gene 3. This modified phage genome is transformed into an E. coli host strain (e.g., XL1-blue or ER2738). Upon phage production, the protein of interest is displayed on the phage surface as fusion to protein 3. For the selection, phages are incubated with the target protein, immobilized either in an ELISA well or an immuno test tube. Simple washing steps remove unspecific or weak binding phages. Stringency can be increased from round to round by adding more washing steps and harsher conditions. Phages are well tolerable against heat and denaturing agents (22). Binders are eluted by an acidic pH-shift or by a tryptic digest. These phages are then amplified in an E. coli host strain, purified, and enter the next round of selection.
Phage display classically means multivalent display, as the gene 3 protein is modified in the phage genome. This technique is well suited for short peptides that do not influence infectivity of the protein 3. If selection of longer proteins is desired, a trypsin cleavage site should be incorporated between the protein of interest and the protein 3. If phages are eluted by trypsin digest, the protein of interest is cleaved off and the free phages display a wild-type like protein 3. Furthermore, multivalent display is advantageous for low affinity binders. Alternatively, monovalent display can be achieved using a phagemid system (21). In this case, the gene of interest is cloned to a truncated version of gene 3 in a phagemid vector. A phagemid carries in addition to an E. coli origin of replication for plasmids and an antibiotic resistance gene an origin of replication for phages, which is only used after cells are super-infected with helper phages. Helper phages provide the full phage genome, including the protein 3. Thus, cells transformed with the phagemid and infected with helper phages express a mixture of wild type and fusion protein 3. Consequently, phages show the same ratio of wild type and fusion protein 3, which ideally is one fusion protein per phage.
Phage display allows for the rapid selection of target-specific binders in three to five panning rounds. Identification of the selected clones occurs via sequencing of the DNA of phage pools and single clones and hence yields directly the primary structure of the selected peptide. Typically, selected peptides harbor affinities in the μM-to the nM-range. Owing to the avidity effect, multivalent display is more sensitive and therefore detects lower-affinity binding.
Beside the protein 3, the major coat protein P8, which is represented up to ~2700 times, can also be used as fusion proteins (18). The high number of displayed peptides in this case was recently shown to have advantages for imaging applications (23). However, the protein 3-based display system is the major method of choice as it enables the screening of large proteins or protein domains. Also, the display efficiency can be increased by choosing different signal sequence domains N-terminally of the protein 3 which are necessary for periplasmic transport during phage assembly (24). Other systems using a split version of the protein 3, so-called "selectively-infective phages" (SIP) have been tested as well but were found to be more susceptible to mutation or recombination events (25,26). The filamentous phage system is limited to proteins which correctly fold in the periplasm of E. coli. Other proteins can be screened using lytic phage systems such as T4 (27) and T7 (28). The phage assembly and hence incorporation of fusion proteins occurs in the cytoplasm and virions are released upon cell lyses.
Ribosome Display
The first cell-free in vitro display described in 1994 was ribosome display (29). The basis of ribosome display is the linkage of the mRNA with the protein of interest. This can be via a stabilized complex on the ribosome (ribosome display) or via a covalent protein-mRNA complex by means of a DNA-puromycin linker (mRNA display).
Typically, a selection round consists of the following steps ( Fig. 35.5 ): First, the DNA encoding the gene of interest to be selected needs to be transcribed into mRNA, which is next translated using either a bacterial or a eukaryotic in vitro translation system. The stabilization of complexes between the expressed protein, ribosome, and mRNA upon termination of elongation is achieved by a terminator sequence forming a hairpin structure combined with low temperature or chloramphenicol. This is where mRNA-display differs from ribosome display (30). The selected protein is covalently linked to its mRNA via incorporation of puromycin, which has been previously attached to the 3'-end of the mRNA via a short oligonucleotide. Thus, the large complex of ribosome, mRNA and protein in ribosome display is missing in mRNAdisplay, and unspecific interactions between the selected protein and the ribosomes are circumvented.
Once expressed, the selection rounds itself can be performed. The target of interest is immobilized in an ELISA well or test tube via adsorption, comparable to phage display. Unbound target is removed in washing steps. In mRNA display, The ribosomes remain tethered to the mRNA by either cold shock or chloramphenicol. This step ensures that the genotype remains coupled to the phenotype. The proteins are incubated on the target, and the mRNA of the strongest binding interaction partner is captured after selective washing steps. Using RT-PCR, the mRNA is reverse transcribed into DNA. Using error-prone PCR, defined mutations can be inserted which further increase the binding affinity and specificity binders are eluted together with their immobilized mRNA, whereas in ribosome display, the mRNA is freed by destroying the protein-ribosome-mRNA complex. In both cases, the mRNA is then amplified by RT-PCR, and the resulting cDNA matrices are transcribed again into mRNA and enter the next round of selection. One big advantage of ribosome or mRNA display is that it is a cell-free system where expression of toxic proteins or poorly folded proteins can be tolerated. Moreover, the expression and selection of the proteins of interest is not influenced by any growth stress originating from the bacterial host. Importantly, the library size is not limited by transformation efficiencies. Instead, the DNA encoding the library members is directly transcribed into mRNA, and immediately enters the selection process and in this way is only limited by the enzyme reaction. The stringency conditions during the selection rounds are similar to those performed in phage display. However, it is notable that phage particle are very robust. They remain functional even under elevated temperatures or in presence of a chemical denaturant like guanidine. An advantage of mRNA or ribosome display is the potential for affinity maturation through recursive mutagenesis, in which selectants can be further mutated after each round of selection (31). This is faster in comparison to cell-based selection as the encoding DNA does not need to be retransformed into E. coli host cells.
Yeast Two-Hybrid System
The "two-hybrid" or "interaction trap" method enables to identify, characterize and even to manipulate protein-protein interactions. It was invented in the early 1990s by Stanke and Fields (32). The yeast-two hybrid system exploits the fact that many eukaryotic transcription factors have at least two distinct functional domains, one that drives DNA-binding to a promoter region and one that activates transcription. It has been shown that DNA-binding and activation domains of one transcription factor can be exchanged from one to another while retaining its function. The basis for this method is the use of the yeast transcription factor GAL4, which is incapable of activating transcription without physical linkage to an activating domain (33). This linkage, which can be mediated by two interacting proteins, is the key to the successful use of the "two-hybrid" method. Only interaction between these proteins connects the DNA-binding domain to the activator domain, resulting in the expression of a reporter gene and thus leading to the identification of interacting partner proteins. The most extensively used vectors are based on GAL4. An alternative system makes use of the DNA-binding domain of the LexA protein and the activator domain of the viral protein 16 (VP16).
In general, in any two-hybrid experiment, a protein of interest is fused to a DNA-binding domain and transfected into a yeast host cell bearing a reporter gene controlled by this DNA-binding domain. This fusion protein, which can not activate transcription on its own, can be used as "bait" or as "target" to screen a library of cDNA clones (prey) that are fused to an activation domain. The cDNA clones capable of forming a protein-protein interaction with the bait protein are identified by their ability to cause activation of the reporter gene (Fig 35.6A) . The DNA-binding (DBD) domain and the activator domain proteins (AD) can be transformed separately into two different strains, resulting in an AD-and a DBD-strain. In this way, a haploid DBD strain can be mated to the haploid AD array to identify individual interacting AD fusions. Another approach would be to mate individual DBD strains with libraries of AD strains (34). Reporter gene activation leads to the identification of the selected AD fusion. Thus, this method enables the screening of proteins that interact in vivo and is therefore a well-suited method to create a protein-protein interaction map of a cell or an organism.
After transformation and expression of the fusion protein, the first test is to check whether the target protein with the DNA-binding domain exerts autotranscriptional activity. If this should be the case, the experiment needs to be redefined. After testing the autoactivity of the fusion protein, the library of choice in fusion to the activator domain can be transformed. Upon screening on selection marker plates, positive clones are identified via reporter gene assays, e.g., LacZ, and the DNA of the selected clones is prepared and sequenced. After the identification of a selected clone it is necessary to test the specificity again in the two-hybrid system and also in a different system. This can include in vitro pull-down assays or co-immunoprecipitations, both evaluating the biological relevance of the interaction.
Advantages:
One big advantage of the two-hybrid system over classical biochemical and genetic approaches is its use as an in vivo assay, with yeast as a live test tube, exhibiting similar conditions to higher eukaryotes. Compared to biochemical approaches that need huge amounts of purified protein or good quality antibodies, the two-hybrid system requires only the cloning of the full-length or even partial cDNA of interest to start the screening. The genetic reporter gene strategy results in a significant amplification of the read out. This facilitates also detection of weak or transient interactions, which are often the most interesting in signaling cascades. Besides the screening of new interaction partners, the two-hybrid system allows also for mapping of residues crucial for an interaction. The most convincing argument in favor of the two-hybrid is the number and the speed in which many signaling cascades have been resolved in molecular detail.
Disadvantages:
As mentioned above, the key to the method relies on the fact that the DNA-binding and transcriptional activation are separated. Thus, if the protein of interest exhibits transcriptional function on its own, the use of this protein in a two-hybrid system may not be successful and could be a limiting factor. Furthermore, as the bait and the prey proteins are expressed in fusion to the DNA-and to the activating domains, the resulting chimeras might have different conformations which could result in altered function, resulting in lower activity or even in the inaccessibility of binding sites. If this is the case, it might be worth trying to switch the fusion proteins of bait and prey.
Moreover, the protein of interest needs to be stably expressed and folded in yeast. This can be seen as an advantage rather than a disadvantage, since yeast is closer to higher eukaryotes than in vitro experiments or those based on bacterial hosts. Folding problems in yeast can also be accompanied by post-translational modifications that either do not occur or are yeast specific. However, this can possibly be circumvented by co-expressing the enzyme responsible for the posttranslational modification. In addition, it should be noted that the system needs the fusion proteins to be targeted to the nucleus, which could be a limiting factor for, e.g., extracellular proteins. Another problem could be a toxic effect upon expression of the fusion proteins, which has been shown for cyclins and homeobox proteins. Usage of an inducible promoter might circumvent the problem. It has to be noted that after successful identification of two interacting partners, the biological relevance of this interaction remains to be determined to prevent the identification of artificially interacting partners. Even if identified in the assay, it could be possible that these proteins are never in close proximity to each other in the cell. A good representation of the library is necessary to screen successfully. Therefore, it has to be considered that only one out of six fused cDNAs is in the correct frame, which increases the number of clones to be investigated.
Reverse Hybrid System:
The two-hybrid system does not allow genetic selection of events responsible for dissociation of particular interactions. However, a reverse two-hybrid system makes use of the expression of a counter selectable marker that is toxic and hence leads to a growth arrest. Thus, the dissociation of an interaction provides a selective advantage. One example given here is the "split-hybrid" system, which is based on the E. coli TN10-encoded tet repressor/operator system. Upon interaction of the target protein with its prey protein, the transcription of the TetR is initiated. The TetR protein represses then the expression of the HIS3 gene, leading to a growth phenotype on plates without histidine in the growth medium (35). Abrogation of the interaction, either by mutating one of the proteins or by introducing a dissociator protein shuts down the TetR expression and enables again HIS3 expression and thus growth on selective plates. This method can be used in screening large libraries of peptides or compounds that inhibit selectively a protein interaction (36,37).
Sos-Recruitment System (SRS):
The mammalian GDP-GTP exchange factor hSos (human son of sevenless) can only activate Ras when hSos is localized to the plasma membrane in close proximity to Ras. In yeast, functional Ras signaling pathway is required for cell viability. This fact has been exploited in the hSos-recruitment system and similarly in the Ras-recruitment system (RRS). Both systems benefit from the fact that a yeast strain, mutated in the Ras guanyl nucleotide exchange factor cdc25-2, shows temperature sensitive growth. For the screening assay, the target protein is fused to hSos, and the prey protein to be screened is fused to a membrane localization signal. Coexpression of these proteins in a cdc25-2 yeast strain leads to a temperature dependent growth phenotype if the fusion proteins interact and allow hSos recruitment to the membrane (38-40).
Yeast Three-Hybrid System:
A limitation in the two-hybrid system is the lack of the detection of post-translational modifications, e.g., tyrosinephosphorylation, which do not occur in Saccharomyces cerevisiae. In the so called kinase three-hybrid system, a cytosolic tyrosine kinase has been introduced into the yeast cell, phosphorylating specific substrates (41).
In the yeast three-hybrid system, the target protein activates only transcription via the activating prey protein if a third protein is present. This third protein either mediates the interaction or induces a conformational change thereby promoting interaction (Fig 35.6B) . In this way it has been shown that the interaction between Sos and the cytoplasmic domain of the EGFR is Grb2-mediated (42). The three-hybrid system can also be extended to the use of a heterodimer of small organic ligands, incorporated into the media plates, which induce dimerization of, e.g., the glucocorticoid receptor and in this way activate the transcription after diffusion into the yeast cell (43). This system is of great interest in pharmacological approaches since small-ligand receptor interactions are the basis for many signaling cascades and misregulation is the cause of many diseases. Hence, the screening of a library of small ligand compounds with the three-hybrid system could identify new drug lead compounds.
Together, these advances have led to a variety of hybrid screening systems each with its own limit and suffering from the fact that each strategy is capable of detecting only a subset of interactions. This argues for the use of multiple systems to maximize coverage.
Protein-Fragment Complementation Assay (PCA)
Protein-Fragment Complementation Assays (PCA) are a powerful tool for studying protein-protein interactions and are used e.g. in protein engineering for selecting tightest binding partners from peptide libraries. For PCA selection, a peptide library and the target protein or a domain thereof are fused to a reporter protein which is dissected into two non-functional fragments, sometimes referred to as Δα and Δω or fragment 1 and 2. Interactions of the studied proteins or domains are demonstrated by restoration of the reporter proteins functionality (Fig. 35.7) . The reporter protein must monitor the association of the test proteins without promoting it. Interaction must be mediated by the interaction under investigation. A combinatorial approach for generating a reporter protein for PCAs was introduced by Tafelmeyer et 
al. (44).
In contrast to two-hybrid techniques PCAs are not generally limited to the nucleus, where the proteins lack the appropriate cellular context. Also two-hybrid assays cannot be used to test temporal aspects of protein interactions (45) .
An interesting point of the PCA system is that, using known interaction domains, it can also be used to study the reporter protein, e.g., mutate residues in the binding interface of the two fragments. Reporter proteins for PCA have to fulfill several requirements:
-small and monomeric -overexpression possible in eukaryotic, prokaryotic or both cell types -the two fragments must be stable and soluble to enable reassembly -the cleavage site must not be in a functional position -cleavage site ideally close to the N-or C-terminus to permit different orientation in the fusion protein -only reassembly of both fragments restores activity to avoid false positives -miminal auto-reassembly to prevent background (false positive) -easy discrimination of active and inactive reporters for selection or screening of interacting partners -no endogenous reporter protein of same activity present in the host or host protein can be efficiently inhibited Different systems have been developed each with inherent advantages and disadvantages. Here we provide a short overview over the different reporter systems used for PCA.
Murine Dihydrofolate Reductase (mDHFR):
The dihydrofolate reductase (DHFR) (46) is an enzyme in the nucleotide synthesizing pathway, which fulfills the requirements of a reporter protein very well. It is a small (21 kD), monomeric protein of known structure (47) and its folding properties and kinetics are well characterized (48). In nucleotide-free media, DHFR is essential for cell growth. The endogeneous DHFR of E. coli can be inhibited by the substrate analogue trimethoprim to which it has a 12,000 fold higher affinity Oligomerization domains (black and white) are fused via linkers to the reporter protein fragments (striped). Further explanation are given in the text compared to mammalian DHFR (49). Consequently, a murine DHFR can be used for simple survival assays in E. coli. It has been shown that mDHFR can be disrupted in a loop-region formed by the amino acids 101-108 (50) which is the loop between domain two and three, in close proximity to the N-terminus of the enzyme. This permits fusion of either the N-terminus of both fragments to the dimerization domains or alternatively one N-terminal and one C-terminal fusion. Pelletier et al. chose to fragment mDHFR between residue 107 and 108 and fuse interacting proteins N-terminally to the resulting DHFR fragments. The DHFR fragments are stably expressed and reassemble only when fused to a dimerization domains (in this case the leucine zipper of GCN4). After its assisted reassembly mDHFR becomes active and allows E. coli to grow on trimethoprim-containing minimal media (Fig. 35.8) . Without interaction of the dimerization domain no growth will occur. The speed of growth is related to the strength of interaction of the dimerization domain. In addition to cell growth, DHFR activity can be monitored in vitro by fluorimetry following the appearance of tetrahydrofolate (THF) (excitation at 310 nm; emission at 360 nm) using the inhibitor methotrextate (MTX) as a control.
The system has two minor disadvantages: As the DHFR needs NADPH as a cofactor, the assay does not function in the periplasm of E. coli. Another drawback is the ability of E. coli to eventually overcome inhibition of the endogenous DHFR by mutation after some rounds of selection (51). However, this is rare and easily to detect by controls on plates without IPTG. Without induction, no DHFR-fragments are expressed and thus no growth occurs.
The most obvious advantage of the DHFR-PCA is the easy screening of positive interactions by the survival assay, which makes this assay very valuable especially for screening large libraries. The survival assay can be followed by growth competition in liquid culture under selective conditions to enrich the best binding sequence. Another advantage is the control of stringency of the Fig. 35.8 . Proteins of interest are genetically fused to mDHFR-fragments and cotransformed in E. coli and assayed on minimal medium plates containing trimethoprim. Only interacting proteins enable reassembly of mDHFR, resulting in growths of colonies. Colonies are pooled and best interacting proteins are enriched in growth competitions. Library pools and single clones can be analyzed by sequencing assay by mutating the binding interface of the two fragments to alter the stability of their reconstituted state, e.g., exchanging wild type isoleucine 114 for alanine or valine (46).
Ubiquitin-Based Split-Protein Sensor (USPS):
This PCA was developed in 1994 by Johnsson and Varshavsky (45). Ubiquitin acts here as split protein, but for detection of ubiquitin-reassembly an additional protein is needed as reporter. For this, the property of eukaryotic cells is used to cleave ubiquitin-fused proteins by the specific protease UBP. This process is strongly dependent on the correct folding of ub. For USPS ubiquitin is dissected into its two domains and the N-terminal fragment is mutated to inhibit autoreassembly. The reporter protein is fused to the C-terminal fragment. The reporter protein is cleaved on reassembly and correct folding of ubiquitin. Detection depends on the chosen reporter, for example an domain detectable by antibodies or an enzyme which becomes active only after cleavage. The proteins of interest are fused to the ubiquitin fragments which when reassamble permit ubiquitin to fold correctly and the reporter protein is cleaved. However, the signal can be the result of both fragments binding to a common ligand, because USPS detects the proximity of proteins, which does not necessarily means direct interaction. USPS relies on constitutive expression of the host cells ubiquitinase, which had been shown only for cytosol and nucleus.
USPS can also be used in vitro with purified fragments and purified proteases such as Ubp1 from yeast.
β-Galactosidase:
Intracistronic β-galactosidase complementation has long been observed (52-54), and shows that bacterial β-galactosidase activity can be restored when two variants with inactivating mutations in different crucial domains of the enzyme share their intact domains. This is largely efficient but depends on the nature of the mutations (55) and holds also true when transferring to mammalian cells (56). Developed in the Blau group, the β-galactosidase-based PCA utilizes this well-known property of β-galactosidase complementation for the first time for time-dependent in situ studies of protein-protein interactions in living eukaryotic cells. Rossi et al. (52) chose β-gal mutants which have been shown to be unable to complement each other by themselves. The first one lacks only amino acids 11-41 of the wild type and is a naturally occurring mutant described earlier as M15 (57,58). The second contains the first 788 residues of β-gal (56). The proteins of interest are fused to these fragments. Activity of β-gal measured at different time points by either biochemical assays or FACS (summarized in (53)) shows the interaction of the fused protein fragments and gives a quantitative readout. As an enzyme, β-gal amplifies the resulting signal allowing monitoring of physiological interaction without overexpression. In contrast to other methods, this PCA can be used to analyze protein-protein interactions in different subcellular compartments of eukaryotic cells. However, because its active form is a large tetramer some interactions might be sterically hindered.
β-Lactamase:
The bacterial enzyme β-lactamase (59,60), which confers resistance to the antibiotic ampicillin, has long served as a model in protein engineering with well understood properties. Its structure does not suit fragmentation, but this enzyme has significant advantages for use in mammalian cells over other systems. This is because the fragments are small and there is no endogenous β-lactamase activity. In addition in 1998 a cell permeable, fluorescent substrate, called CCF2/AM, was developed (61) which detects β-lactamase activity with high sensitivity in eukaryotic cells. A drawback is the high price of these substrates.
The Blau group split β-lactamase after residue 197 (60,62), but found a high background activity in E. coli. They were able to reduce the signal-to-noise ratio by stabilizing the α-fragment by adding the empirically found tri-peptide NRG after aa197. The Michnick group established the assay in the cytosol (59) using the M182T mutant, which has been reported earlier to stabilize the structure of β-lactamase (63).
Luciferase:
The enzyme luciferase (64) emits light when reacting with a specific substrate in the presence of cofactors. In nature, different types of organisms use this bioluminescence, for example by attracting prey or to scare off predators. In the laboratory, luciferases are used as reporter enzyme for studying the properties of regulatory elements in living organisms (65). Paulmurugan and colleagues used the firefly luciferase to show for the first time a protein-fragment complementation assay that monitors protein interactions in living subjects. The luciferase was split after residue 437 and both fragments (Δα = 437aa, Δω = 117aa) were fused to the strongly interacting proteins MyoD and Id. For comparison, the fragments were also fused to inteins, resulting in a reconstituted luciferase by protein splicing. Both approaches, complementation or reconstitution, showed the same high level of luciferase activity after transfection in eukaryotic cells. Best results have been achieved in 293T-cells. In a follow up project Paulmurugan and Gambhir split successfully the synthetic humanized Renilla luciferase (hRLUC) for usage in PCA (66). Recently, Remy and Michnick used Gaussia princeps luciferase as a PCA reporter protein and found a higher activity compared to the Renilla luciferase (67).
Compared to other PCAs the luciferase signal is relatively short living and must be recorded immediately, making the technique somewhat laborious.
Green Fluorescent Protein (GFP):
A widely used reporter protein for PCA in recent years has been GFP (68) and its derivates YFP, CFP and BFP plus the enhanced variants. This method is often referred to as BiFC short for bimolecular fluorescent complementation. Jellyfish Aequria victoria GFP is a 238 residue protein that forms an 11-stranded β-barrel with a coaxial helix. The chromophore ρ-hydroxybezylideneimidazolidinon is located with the helix at the center of the barrel (69). Ghosh dissected GFP at a surface loop at residue 157, which has also been shown to accept a 20-residue amino acid insertion (70) and fused the resulting fragments with leucine zipper domains for oligomerization. After protein reassembly the fluorophore formes and the protein shows its characteristic fluorescence. In contrast to other PCAs, the complex is stable and does not dissociate, thus allows capturing of transient interactions (71).
Cell-Surface Display
Bacterial Display:
Bacterial surface display was described in 1986 for the Gram-negative bacteria E. coli and Salmonella ssp. Short gene fragments were inserted into the genes for the outer membrane proteins LamB, OmpA, and PhoE and were displayed on the cell surface. In 1992 followed the first examples of display techniques using Gram-positive bacteria like Staphylococcus xylosus or S. carnosus and Streptococcus gordinii. The displayed protein mimics a receptor protein like SpaA and M6 respectively and is covalent bound to the outer membrane surface. For staphylococcal display, plasmids are used, while in S. gordinii the target genes are incorporated in the genome be homologous recombination. These and other bacterial display systems are reviewed by Lee et al. (72) . The main application for bacterial display has been the presentation of antigens, applied to test animals by oral delivery to stimulate the production of specific antibodies by the immune system. Comparison with intracellular expressed or secreted antigens resulted in a more effective immunization using the surface display technique.
Direct comparison with phage display gives better results for the phage-based systems (73), but bacterial display has some advantages. Bacteria are easy to cultivate and can be kept free from contamination by using antibiotic selection markers. Phages in contrast need a host organism, which is susceptible to contamination with wild-type bacteriophages.
Yeast Surface Display: Saccharomyces cerevisae is generally a good system for expressing heterologous proteins, and transformations are possible both, by plasmid and stable integration of new genes into the genome of yeast cells (74,75). It is generally regarded as safe ("GRAS") and can therefore be used for food and drug production. A big advantage is that yeast as a eukaryotic organism is able to glycosylate and process proteins in its ER, even if it is not fully identical to mammal cells. The first targeting of a heterologous protein to the yeast cell wall was accomplished by Schreuder et al. (76).
They fused the protein of interest to the C-terminus of the Aga2p subunit of α-agglutinin. This subunit is connected by two disulfide bonds to the second subunit Aga1p, which is covalently linked to the yeast cell wall (Fig. 35.9 ) The wild-type Aga2p mediates cell-cell contacts during yeast cell mating.
The display of peptide libraries on the surface of yeast was first published by Boder & Wittrup in 1997 (77). In this first attempt to display a fully functional antibody fragment and improve it by random mutation the authors enriched clones with a tenfold higher binding capacity to their target than the wild-type scFv.
Yeast surface display has some advantages over other display techniques. The covalent linkage to the yeast cell wall results in a more stable display of proteins than in other eukaryotic surface expression systems. The displayed proteins can easily be released from the cell surface for further characterization by reduction of the disulfide bonds. The cell wall also gives yeast a higher life time in industrial applications. The culture conditions are well know, thus biomass can be produced in high concentration. Choosing yeast as display system avoids unpredictable bias against expression of some eukaryotic proteins in E. coli and of course, this bias also affects phage display. The expression of mammalian proteins in yeast does not work in every case as has been shown for T-cell receptors (78). A limiting factor for library selection by yeast surface display is a smaller achievable library size than in E. coli.
Yeast cells can easily be used for quantitative screening by FACS. Alternatively, if it is difficult to obtain a purified ligand or no FACS is available, a ligand can be expressed on mammalian cell surface and binding cells can be selected by density centrifugation (79).
Viral Display:
Similar to phage display, proteins can be displayed on the surface of viruses that infect eukaryotic cells. Because the viruses are propagated in the eukaryotic host, the proteins are fully processed by the cellular machinery thus avoiding a main disadvantage of phage display. One widely used host system is the baculovirus (80), which propagates mainly in insect cells, but is transcriptionally silent in mammalian cells, making it relatively safe. It has already been used for expression of recombinant proteins (81) and is well established (reviewed (82)). Boublik et al. displayed a heterologous protein on the virus surface by fusing it to the surface glycoprotein gp64 (83). Ernst et al. demonstrated the possibility to use a baculovirus system for library selections (84). They expressed HIV-1 glycoprotein gp41 containing a randomized region in Ac-omega and selected for higher affinity to the human antibody 2F5.
Also used for viral display of libraries are retroviruses, originally shown with the murine leukemia virus (MLV) in the human cell line HT 1080 (85). The library was fused to the envelope spike glycoprotein (Env). In contrast to other viruses, retroviruses permit display of large peptides on their surface without reducing infectivity (86). They can be rescued from the target by adding permissive mammalian cells with low loss of high affinity binders. The achievable library size is with 10 6 -10 8 (86) lower than for phage display but still sufficient for a range of applications. 
Mammalian Cell Display:
In 2005, the first example for library selection in a mammalian cell display system was published. A library with up to 13 residues was displayed on the surface of mammalian cells (87). The library was fused to the chemokine receptor CCR5 and transferred into cells using a retrovirus-based vector. After integration into the genome, the peptide library was constitutively expressed und displayed on the cell surface. As a proof of principle a peptide mimicking the FLAG epitope was successfully enriched after three rounds of selection. Ho et al. fused a small scFV library to the human platelet-derived growth factor receptor PDFGR (88), displayed it on mammalian HEK293 cells, and selected a fully functional scFV against CD22.
In Vitro Compartmentalization (IVC) Methods
In vitro compartmentalization (IVC) uses a water-in-oil (w/o) emulsion with some special surfactants to physically link genotype to phenotype. This is possible because most droplets contain only one gene of a library and the machinery necessary for replication. The surfactants are composed of hydrophilic and lipophilic compounds. Hydrophilic groups associate with the aqueous phase and the lipophilic groups with the oil phase thus forming stable droplets (89). It is thought that such tiny vesicles were part of the primordial soup which enabled the emergence of life (90).
By this emulsification a large reaction volume is divided in many microscopic compartments (up to 10 10 in 50 μl reaction volume (89)) thus increasing the effective concentration of all components used and at the same time reducing diffusion distances (91). These tiny w/o droplets are like the wells of a micro titer plate. If they are re-emulsified in water these w/o droplets are enveloped in water to form w/o/w droplets that can be analyzed by FACS in a much higher efficiency than it would be possible in micro titer or 96 well format if there is a fluorescence-based screening method available (92) . The transcription and translation apparatus is provided either by bacterial cell extracts in case of prokaryotic targets and wheat germ or rabbit reticulocyte (RRL) for eukaryotic targets (89).
IVC has several advantages over methods such as phage display, ribosome display or cell surface display in that it can select for properties other than binding, such as sequence specificity, intermolecular catalysis in trans (substrate not linked to the catalyst) and regulatory characteristics of proteins and RNA (92). IVC is a highly flexible method with potential for totally new approaches in screening for desired properties.
Compartmentalized Self-Replication (CSR):
The most simplistic IVC variant is compartmentalized self-replication (CSR) (Fig. 35.10) . CSR was developed for the evolution of enzymes, especially polymerases. PCR is performed in which the individual variants of a polymerase and their respective genes are separated into compartments of an w/o emulsion (93). First the different polymerase variants are cloned into a bacterial host. These bacteria are suspended with appropriate flanking primers and nucleoside triphosphates in a heat stable w/o emulsion. Ideally, each compartment contains only one polymerase variant with its respective gene. During PCR the cells are disrupted and the polymerase is freed. Due to compartmentalization, each polymerase replicates only its own encoding gene and thus only genes that encode for active polymerases are replicated. The more active the variant is the more DNA that is produced. Consequently, there is an increased probability of this variant generating clones for the next round of CSR. Inactive variants fail to amplify their own gene and are thus eliminated from the gene pool. The method bears the potential to select for enzymatic activity under a wide range of conditions.
A modification of this method is short-patch compartmentalized self-replication-spCSR (94). SpCSR is based on CSR but in SpCSR only a short region a so-called "patch" of the gene of interest is diversified and replicated. This variation allows for selection of polymerases under conditions where catalytic activity and processivity are compromised resulting in an inefficient full self-replication.
DNA-modifying enzymes like DNA-methyltransferases can be screened in a manner similar to CSR. Instead of amplifying its own DNA the enzyme can modify its own DNA thus cannot be digested after breaking the emulsion (89). Doi et al. (95) adjusted IVC to select for endonucleases with altered restriction sites. The DNA coding for the endonuclease is emulsified and translated in vitro. An active enzyme cuts its own DNA resulting in sticky ends. In compartments with inactive enzyme, the DNA stays intact. After breaking the emulsion, a biotinylated dNTP is incorporated into the cohesive ends of the cleaved DNA by DNA polymerase, and biotinylated genes are recovered from the mixture using streptavidin coated beads and amplified using PCR. Using this method the coding gene can only be mutated in front of the restriction site of the enzyme as mutations after the restriction site are lost. If a special cleavage site is to be selected, the biotinylated tag could be added to a special oligonucleotide representing the restrictions site to be selected. Thus, only genes coding for enzymes with the correct restriction site will be selected.
Microbead Display:
The coupling of genotype with phenotype can be achieved by different approaches: In microbead display proteins are linked to DNA via microbeads (Fig. 35.11) . A library of genes coding for a protein with a common tag are labeled with biotin and coupled to streptavidin-coated beads so that every bead carries approximately one gene. These beads additionally carry antibodies against the common tag. The beads are compartmentalized in w/o emulsion and the protein is translated in vitro. In each droplet, the transcribed proteins become attached to the antibodies on the bread and thus are linked to the gene encoding them. The emulsion is broken and the beads are incubated with horseradish peroxidase (HRP) coupled ligand or substrate. HRP converts fluorescein tyramide into intermediates that react with the protein which thus becomes labeled with multiple fluorescein molecules. These fluorescent beads can be afterwards sorted by FACS, and the DNA can be amplified and subjected to a new round of selection (96).
If the protein to be screened has enzymatic activity by which a fluorogenic substrate directly is transformed into a fluorescent product, water-oil-water (w/o/w) droplets containing active enzyme can be sorted by FACS (97).
Selection of Diels-Alderase ribozymes can be achieved by coupling a DNA library via a PEG linker to anthracene. These genes are compartmentalized in w/o emulsion and the genes are transcribed to RNA. Mg 2+ and biotin-maleimide are added to the emulsion and allowed to diffuse into the compartments. If compartments contain active Diels-Alderase ribozymes a cycloadduct of biotinmaleimide is generated, thereby biotinylating the ribozyme coding gene. After   Fig. 35. 
Microbead display
Genes coding for a protein-tag fusion are coupled to beads carrying antibodies against this tag at an average of one gene per bead. The beads are compartmentalized in a water-in-oil emulsion at an average of one bead per compartment. The gene is transcribed and translated in vitro in the compartment. The corresponding protein is bound by the antibody and thus physically coupled to its coding gene.
The emulsion is broken and the beads carrying the display library are isolated and compartmentalized again in a water-in-oil emulsion containing an appropriate substrate.
In a compartment coding for an active enzyme the product can be detected. Thus, this compartment can either be coupled to the bead or the compartment can be sorted e.g. by FACS. 
Applications
Applications of Rational Design Approaches
Rational design strategies have successfully been used in the field of protein therapeutics by improving existing products and enabling the development of novel therapeutics. Several designed protein therapeutics are currently on the market (Table 35 . 1, from (1)) . Some of the most visible and successful applications of rational biotherapeutic engineering methods have occurred in the field of antibodies. Monoclonal antibodies are widely used as a treatment for a variety of conditions from arthritis to cancer. Some antibody products are already available on the market (Table 35. 2 from (1)). Antibody variable domains suffer from stability issues like all proteins. However, because antibodies share a common structural scaffold, rational engineering studies have been able to dissect some of the sequencial and structural determinants of variable region solubility and stability (99).
For example, the best success for immunogenicity reduction has been the humanization of murine antibodies, which was made possible by the high regularity of antibody sequence and structure and close proximity to the human sequence. 
Site-Directed Mutagenesis
To increase protein stability the replacement of free cysteines into serines have been introduced into several therapeutic proteins, including granulocyte colony-stimulating factor (G-CSF) and interferon (IFN) β1b, resulting in a longer half-life (100,101).
The replacement of exposed non-polar for polar residues was applied successfully to the A1 domain of cholera toxin. Of the six variants produced, one retained full biological activity, stability and displayed significant improvement in solubility (102).
A single chain antibody targeting renal cell carcinoma was altered to increase solubility by adding 5 glutamic acid residues to the C-terminus, thus lowering the pl from 7.5 to 6.1 (103).
An example of affinity enhancement is the generation of superagonist variants of human thyrotropin (hTSH) by altering the net charge of the protein.
The hTSH receptor has a negative charge, and mutations that introduce positively charged residues or replace negatively charged residues in the peripheral loops of hTSH increase activity (104,105) .
4-helix bundle cytokines, including vascular endothelial growth factor (VEGF), hGH and interleukin-6 (IL-6), have been engineered to function as receptor antagonists. Antagonistic VEGF variants were designed as heterodimers, which contain one functional binding site per dimer (106). An IL-6 superantagonist was generated by selecting mutations that disrupt binding to gp130 and incorporated mutations that resulted in increased affinity for the IL-6 coreceptor (107). An especially interesting example of a designed cytokine antagonist is Somavert ® (pegvisomant, Genentech/Pharmacia), a hGH variant that has recently successfully completed clinical trials for treatment of acromegaly. 
Somavert
® contains a point mutation at the second of the two receptor binding sites that blocks receptor dimerization upon binding (108). Eight additional mutations, identified by phage display, that increase the receptor-binding affinity of the first receptor binding site were introduced (109).
A notable example is the design of constitutively active and inactive integrin I domain variants. The integrin I domains can populate two dominant conformations: an "open" conformation, which can bind intracellular adhesion molecule-1 (ICAM-1), and a "closed" conformation, which has very low affinity for ICAM-1. Springer and coworkers introduced pairs of cysteines that form disulfide bonds compatible with either the closed or open conformation (110,111), and they designed mutations in the core of the domain that were computationally selected to stabilize the open conformation and disallow the closed state (112).
Wong and coworkers switched the substrate preference of the 2-deoxyribose-5-phosphate aldolase (DERA) from phosphorylated to nonphosphorylated substrates. The kcat/K M value for the nonphosphorylated substrate increased 2.5 times for a variant with a single point mutation relative to wild type (113,114).
Lim and coworkers engineered the active site of magnesium-dependent ribonulclease H to form an active metal-independent enzyme. Replacement of an aspartate and a glutamate residue that interact with the metal ion yields an enzyme that is active in the absence of Mg 2+ . As a result the pH activity profile is dramatically altered (115).
Computational Protein Design
Computation interface design was used to fuse two domains of distantly related homing endonucleases (Dmol and Crel), each carrying a recognition site for a specific DNA target half site (116). The resulting functional chimeric protein combines the two different binding specificities of the parent proteins. The crystal structure of the designed interface confirms the accuracy of the design algorithm. Extending this approach, computational design offers the possibility to create novel interfaces that would go beyond the interaction capabilities of independent modules.
Optimizing the fairly promiscuous calmodulin interface for one of its ligands using a successful computational protein design method, by Shifman and Mayo (117), resulted in a stable interaction in the nanomolar range that is more specific for the selected ligand. This is the first study showing that computational interface redesign is capable of enhancing the specificity of an interaction.
The study of Havranek and Harbury (118) describes the development and experimental verification of a novel computational protocol that automatically selects for sequences that prefer desired cognate interaction over alternative partners and conformations (negative design). The experimental results of the formation of homodimeric or heterodimeric coiled coil interfaces verified the predicted specificities in all instances.
Dwyer and Hellinga used computational design for the enzymatic activity in a protein scaffold of known structure. They demonstrate the feasibility of creating new enzymatic activities by introducing mutations at or near the substrate-binding site (119).
Several authors have compared the behavior of enzymes from thermophilic and mesophilic organisms using MD. The difference in the thermostability was explained by reduced backbone flexibility of the thermostable enzyme for thioredoxin (120) and rubredoxin (121).
The automated design of a novel sequence onto a given protein backbone by computational screening of a combinatorial library was achieved by Dahiyat and Mayo (122) . NMR spectroscopy showed that the resulting structure, a short zinc-finger protein fold, is in excellent agreement with the designed target structure (122).
Hellinga and coworkers have developed a powerful computational tool DENZYMER to assist in reprogramming the specificities and properties of proteins. This computational technique has been applied to the design of novel variants of E. coli periplasmic binding proteins to bind the nonnatural ligands trinitrotoluene, l-lactate, and serotonin with high affinities (123-126) .
The success of the computational design process used in these studies strongly suggests that such techniques will play an increasingly important role in protein engineering, especially when paired with experimental data.
Applications of Library-Based Design Approaches
Phage Display
Phage display is largely used to screen peptide or antibody libraries for ligands using purified and immobilized molecules in vitro, with the aim of stabilizing protein-protein interactions or identifying protein-protein interaction domains (127). One example of an FDA approved antibody generated by phage display is Adalimumab (HUMIRA), which is used against rheumatoid arthritis (128). When nonhuman antibodies are used for this approach, immunogenicity can limit application; therefore, the epitope-binding region can be transferred onto the framework of a human IgG antibody. This process is called "humanization."
Another phage display approach is the so called Proside (protein stability increased by directed evolution) approach which directly links thermodynamic stability of a protein with the infectivity of the filamentous phage (129). In this case, the protein is inserted between two domains of the gene3 protein. Upon incubation of phages with either trypsin or chymotrypsin, only phages harboring well-folded guest-proteins inaccessible to proteolysis remain infective and enter the next round of selection after E. coli host amplification. Thus, Proside is independent of interactions with ligands or any specific enzymatic catalysis. Rather, it selects proteins that remain folded upon treatment with proteases, and it is therefore useful for selecting thermodynamic stability.
Moreover, phage display can also be used for in vivo screening, so called biopanning. In this approach, phage libraries can be incubated on whole cells targeting a specific receptor or can be used to select for cell-targeting gene therapy vectors (130). Selection remains more specific in vivo than in vitro as the target protein remains in its "native" conditions and the ligand is challenged by degradation from cellular proteases and competed by native ligands, both improving stability and specificity. This in vivo biopanning can be even expanded to select for peptides that are home to receptors differentially expressed on vasculature organs. These selection procedures identify ligands that target specific vascular beds. In this case phages are intravenously injected and circulate in the blood for a certain time period. Nonspecifically bound phages are removed by washing off the tissue cells. Specific clones that bind to selective vascular beds are recovered by host E. coli infection and are amplified for further selection rounds (131). Molecular profiles of different diseases can be exploited and lead to the identification of marker genes. Highlighted here are the selection of peptides that "home" to receptors of the lung (132) or the breast (133).
Ribosome Display
As for phage display, the list of examples of different approaches is long and applications for ribosome display in biomarker identification, imaging and targeting are likely to evolve further (134). Examples given here include the identification of semi-synthetic factors that have the potential to exhibit transcriptional activity (135); DNA-binding proteins were selected out of a zinc finger protein library which now could be used as novel transcription factors. Another example is the selection of MAP-kinase binders. A combinatorial library of ankyrin repeat proteins (DARPins) displayed with ribosomal display, lead to the isolation of binders displaying nanomolar affinities to JNK1, JNK2, and p38 (136).
Yeast Two-Hybrid System
Aside from the molecular dissection of known interactions and the identification of new potential interacting partners, the evolution of the technique, also mentioned above, enables solving several new problems. The yeast two-hybrid system is the method of choice to study signaling cascades e.g., the Ras/Raf-pathway (137). In the post-genomic era, efforts are now being made to analyze all known genes and proteins and the way they interact in a whole cell/organism with the aim to establish so-called protein linkage maps. These maps consist of all possible protein interactions that occur in a cell and give insight into the overall cell complexity, serving as a starting point for studies at the systems level. The first genome-wide interaction map was generated for the bacteriophage T7 (138). In the same manner, a protein interaction map of the yeast strain S. cervisiae was established, comprising 69% of the whole proteome (139). Another screen identified over 5400 interactions of C. elegans covering 12% of the genome (140).
Other studies have integrated these data with functional genomics data to derive models for genetic pathways. In addition, two-hybrid screens have recently been used to analyze the human proteome, screening ~7200 full-length Open Reading Framess (ORFs) which identified 2754 protein interactions (141).
The identified interaction data from S. cerevisiae, C. elegans, Drosophila, and from human permits comparison of these interaction maps and helps to predict additional interactions, missing in one system but found in others. Together with a computer assisted confidence score that relates the interaction to a biological significance, it is also possible to lower the amount of falsepositive interactions. Hence, statistical scoring systems facilitate integration of datasets.
Protein-Fragment Complementation Assay
PCAs have been used in many different ways for finding, improving and studying protein-protein interactions. Below are examples given for the presented systems.
Murine Dihydrofolate Reductase (mDHFR):
Pelletier et al. and Arndt et al. (51, 142, 143) used the DHFR assay to study interactions of coiled coil domains, which are naturally abundant oligomerization domains. The aim was to generate stable heterodimeric artificial coiled coils, which can be used as heterodimerization modules for a variety of protein engineering applications (144). For library design, outer positions were taken from Jun and Fos and core positions from GCN4. The core-flanking residues were randomized with polar and charged residues to create complementary libraries. These libraries were fused to the DHFR fragments and co-transformed in E. coli to select for the best heterodimer. In a further study, Amdt and colleagues selected peptides binding natural targets such as C-Jun, C-Fos and C-Myc (145-148).
Mossner et al. (149) fused a single-chain antibody (scFv) and its antigen to the DHFR-fragments and optimized the linker length and orientation of this system. Replacing the antibody with a library permits use of this assay to select for high affinity antibodies in a robust and easy way.
The DHFR-assay can also be used in mammalian cells when a DHFRdeficient strain is available. Remy et al. studied conformational changes of the erythropoietin receptor upon ligand binding (150) and effects of linker length in the assay system. Dimerization was detected by fluorescent-labeled methotrextate, which binds only to the reassembled DHFR. This study demonstrated applicability of the DHFR assay for membrane proteins.
Ubiquitin-Based Split-Protein Sensor (USPS):
To find new players in the regulation of the galactose pathway in Saccharomyces cerevisae, Laser et al. (151) partially digested the genome of S. cerevisae with the restriction enzyme Sau3A and fused the resulted DNA fragments in all three frames to the gene of the α ub -fragment. The ω-fragment of ubiquitin was fused to Gal4p or Tup1p which are known to bind to the Gal1-operon and were used as bait for the library. Laser successfully identified Nhp6 as new interaction partner to both bait-proteins.
Stagljar et al. used USPS to detect interactions between membrane proteins in vivo (148). The cleavage of the fusion protein leads to the release of a transcription factor, which activates a reporter gene in the nucleus.
b-Lactamase:
The developers of the technique SEER (sequence-enabled reassembly) used first GFP but finally the β-lactamase complementation assay (153,154) and modules of zinc finger domains to detect specific sequences of DNA. Six or more single zinc fingers were chosen for their combined ability to bind to the DNA sequence of interest. Zinc fingers recognizing the 3′-half of the target were fused to the first fragment of the reporter, and the other fingers to the second fragment. Only if all zinc fingers bind to the DNA in the correct orientation, the β-lactamase can reassemble and become active. β-lactamase proved superior to GFP for this application, because it reassembled and folded much faster than GFP and its enzymatic signal amplification allowed detection of fewer target sites. With this method, the authors were able to specifically detect a target DNA sequence in a complex mixture.
Luciferase:
Massoud et al. applied the luciferase PCA to study homodimeric protein-protein interactions in mammalian cells and living mice (155). They used a split synthetic humanized renilla luciferase (hRLUC) to visualize and quantify the dimerization of herpes simplex virus type 1 thymidine kinase (TK1). Splitting hRLUC resulted in two fragments Δα = 229 residues and Δω = 82 residues (66). 293T cells expressing the TK chimeras were implanted in mice and mock-transfected cells as negative controls at another site of the same mice. The luciferase substrate coelenterazine was injected into the mouse tails and the bioluminescence signal recorded by a cooled charged coupled device (CCD) camera. They also tested which order and orientation the luciferase fragments and the TK monomers resulted in the highest bioluminescence. It was possible to locate and quantify luciferase activity with high sensivity in a living subject, which makes this system a valuable tool for studying protein-protein interactions in animals. 
Green Fluorescent
Cell-Surface Display
Most examples using cell surface display are from the de novo selection and improvement of antibodies.
Bacterial Display:
Christman et al. applied a bacterial display system for epitope mapping of monospecific antibodies (159). A random library of gene fragments of the classical swine fever virus (CSFV) envelope protein E rns was generated by DNase I digestion. For bacterial surface display, the fragments were fused to a carboxyterminal truncated intimin (160), an E. coli adhesin, which is located far enough from the outer membrane' lipopolysaccharide layer to be sufficiently accessible to the tested antibodies. The epitope-presenting E. coli cells were incubated with specific antibodies produced in mice. A biotinylated anti-mouse antibody was used as a secondary antibody and detected by streptavidin conjugated to the fluorescent dye R-phycoerythrin. Cells were sorted by fluorescence-activated cell sorting (FACS), and FACS-positive clones analyzed for their epitope sequence. Eight of eleven clones presented a carboxy-terminal fragment of E rns on their surface, three displayed other regions.
Metal-binding peptides could become a powerful tool in cleaning the ecosystem from heavy metals and radionuclides. Kjaergaard -binding sites and undergoes structural changes upon binding Ca 2+ ions. There are only few reports about monoclonal antibodies against calmodulin; due to its high conservation it was difficult to deal with the self tolerance mechanism of the immunsystem of the antibody-producing animal system. Yeast display offered an alternative way to the classic method. Feldhaus et al. (163) selected from a human nonimmune scFv library displayed on the surface of yeast new antibodies against calmodulin. Sequences were further improved by error-prone PCR to yield specific high affinity binders to the two different conformations of calmodulin. The antibody optained for Ca 2+ -calmodulin was a scFc with an equilibrium dissociation constant (K d ) of 800 pM and more than 1,000-fold higher specificity for this conformation relative to the Ca 2+ -free form of the protein. For the latter a single-domain antibody (dAb) was selected with a K d of 1 nM and more than 300-fold higher specificity relativ to Ca 2+ -calmodulin. Red Sea Bream Iridovirus (RSIV) infects, amongst others, cultured and ornamental fishes in Japan (164) and can thus lead to severe damage to the economy. 
Viral Display: Buchholz et al. (85)
applied a viral display system to the selection of protease cleavage sites. They expressed the epidermal growth factor (EGF) on the surface of murine leukemia viruses, linked via a sevenresidue linker to the envelope glycoprotein. The virus was propagated on EGF receptor-poor cells without loss of the displayed EGF. In contrast, it did not replicate on EGF receptor-rich cells, because the EGF-displaying viruses were intercepted by the EGF receptors. The authors randomized the seven-residue linker and let the viruses propagate on EGF receptor-rich HT1080 cells. Only viruses whose EGF was proteolytically cleaved from the viral surface were able to infect cells and to replicate. After three passages of selection resulting sequences were all arginine-rich and matched the consensus sequence for furin-like proteases.
To enhance gene delivery to target cells, Raty et al. (168) altered the surface of baculo viruses to display avidin, the constructed virus was named Baavi. Avidin is highly positively charged and was therefore expected to improve cell transfection. In this study, Baavi achieved a five-fold increase in transduction efficiency in rat malignant glioma cells and a 26-fold increase in rabbit aortic smooth muscle cells. Even higher transduction efficiency was shown for biotinylated cells. its C-terminus pointed away from the surface. In this way they hoped to activate an immune response against the tumor cells equivalent to an antibodybased approach, which showed some inherent problems like poor penetration of the antibody in the tumor and the need for tumor-specific antigens. In a first in vitro experiment, they displayed IgFc on the surface of B16 melanoma cells. Indeed, these cells were specifically recognized and rapidly lysed by natural killer cells. Subsequent in vivo data demonstrated that tumor formation was severely delayed. Direct intratumoral injection of adenoviral vectors expressing IgFc led to total clearance of the tumor cells but did not prevent metastasis or led to antitumor immunization. For this, an additional immunostimulatory signal was needed, achieved here by coexpression of heat shock protein 70 (hsp70).
For many years, antibodies have been successfully selected and matured by phage display (170-173), bacterial display (174-176), yeast display (177,178) and ribosome display (31,179,180), but these techniques are limited by problems with protein folding, posttranslational modification and codon usage. Ho et al. (88) for the first time used a mammalian display system for the purpose of antibody maturation. They fused the anti-CD33 scFv and the high-affinity derivative HA22 scFv to the transmembrane domain of human platelet-derived growth factor receptor (PDGFR) and displayed the chimeric protein on human embryonic kidney (HEK) 293T cells. They were able to achieve a 240-fold enrichment of the high-affinity variant relative to the wt scFv. Furthermore, Ho (88) selected an antibody with even higher affinity from a scFv library with randomized intrinsic antibody hot spots.
In Vitro Compartmentalization Methods
DNA polymerase from Thermus aquaticus (Taq) is one of the most important enzymes in modern biotechnology. The various DNA amplification and modification techniques that are used often have requirements that are difficult to achieve with polymerases on the market. Thus, it is important and profitable to adjust polymerases to the conditions needed for special applications till the aim of a "gold standard" polymerase is achieved (181).
Ghadessy et al. (93) used three cycles of CSR to select for Taq DNA polymerases with 11-fold higher thermostability than wild-type Taq and increased resistance to the inhibitor heparin. A few years later Ghadessy et al. (182) started from ramdomly mutated Taq clones and selected these by CSR for efficient mismatch extension. In three cycles of CSR they enriched Taq polymerase with the general ability to extend 3¢ mispaired termini. This "unfussy" Taq promiscuously extended mismatches and was able to incorporate noncanonical substrates with high turnover, processivity, and fidelity.
Bacterial phosphotriesterase (PTE) has the ability to degrade pesticides and nerve agents like soman, sarin, and VX and thus is very interesting for bioremediation or disarmament of chemical weaponry. Griffiths et al. (183) used six rounds the microbead display IVC to generate an extremely fast phophotriesterase with 63 times higher k cat than the wild-type enzyme. For selection of active enzymes the substrate was coupled to caged biotin which was afterwards uncaged by UV light. Thus, the product is coupled to the straptavidin coated beads and thus is linked to the coding gene. After breaking the emulsion, the product was detected by an antiproduct antibody which could be detected by a fluorescence labeled secondary antibody. Sorting was done by FACS.
Sequence recognition of enzymes is poorly understood and thus extremely challenging. Methylases as well as endonucleases are valuable tools in biotechnology. M.HaeIII methytransferase methylates the first cytosine after the second guanine of the canonical sequence 5¢ GGCC 3¢ but it is known that there is a promiscuous methylation at other sites like AGCC at lower rates (184). Cohen et al. (184) altered the sequence preference of HaeIII methyltransferase by use of IVC from GGCC to AGCC and additionally this mutant also methylates at a low rate three other sites (AGCC, CGCC and GGCC) but discriminates as efficiently as the wild type enzyme against other sites. A library of mutated HaeIII genes was translated in vitro using IVC. Active enzymes methylated their genes and unmethylated genes were digested with a suitable enzyme NheI. The undigested genes were amplified and subjected to new rounds of IVC.
Ribozymes are catalytically active RNAs which ligate two RNAs which are aligned to a template by a reaction similar to enzymes which synthesize RNA (138). Levy et al. (184) selected by microbead display IVC a ligase ribozyme capable to act trans on oligonucleotide substrates after two rounds of IVC. The ribozyme coding DNA was coupled to the beads together with an RNA oligonucleotide serving as substrate. DNA coding for functional ribozymes are able to ligate a tagged RNA to the coupled substrate RNA molecule can be selected by antiproduct antibodies. These primary antibodies were likewise detected by fluorescence labeled secondary antibodies, and the beads with DNA coding for active trans-acting ligase ribozymes were sorted by FACS.
